ABSTRACT
INTRODUCTION
The distribution transformers, in service today on European electrical network, are estimated about 4 million units with about 38 TWh/year of energy losses: 70% of these are the no-load losses mainly due to eddy currents and hysteresis of the magnetic core [1, 2] . An improvement of the distribution transformer efficiency could give an energy saving up to 22 TWh/year by 2010, representing more than 1% of the European commitment to the CO 2 emission reduction. The traditional European technology uses a three leggedEvans core, stacked from thin sheets of steel, insulated on both sides by an oxide layer. The steel improvements, such as the alignment of the grain orientation (CGO), a reduced silicon content with high permeability (HiB), the domain refining by laser etching, led to the development of a silicon steel with a thinner lamination and specific no-load losses ranging from ∼ 0.85 to 1.75 W/kg at 1.7 T at 50Hz. Distribution transformer in US, Japan, India and China are built with a wound core made of amorphous metal ribbon. The reduction in no-load losses, is more than 70% of the best traditional solution. To achieve the amorphous structure, a molten Fe 78 B 13 Si 19 alloy is quenched at rates of 10 6 /s to prevent the crystallization. The wound design is required as the ribbon is very thin (0.025 mm) and brittle. Its specific no-load losses are 0.14 W/kg at 1.4 T at 50 Hz. The different voltage supplied to domestic users, the need of a drastic change in the manufacture and the higher initial cost have been the major obstacles for Italian development of the amorphous core devices.
The present contribution compare the two different core technologies in terms of the environmental impacts over the entire lifecycle of two 250 kVA transformers, using the Life Cycle Assessment (LCA) methodology, according to ISO 14040 Standards [3] [4] [5] [6] . The goal is the evaluation of the ecoprofile and the identification of the most environmentalfriendly solution.
TECHNICAL CHARACTERISTICS OF THE TRANSFORMERS
The transformers, selected for LCA assessment, were: a three-phase transformer with a wound amorphous metal core, named TNA in the following a three-phase transformer with a high permeability grain-oriented steel core, named TLI. The two paper-oil insulated devices were manufactured by the Italian SEA Company for outdoor service, with the high voltage winding in copper wires and the low voltage winding in copper sheets. The windings are wound directly onto the core legs, positioned on a tilting table, completing the magnetic circuit by interleaving the laminations of the yokes. The tank, hermetically sealed, has fins to increase the available contact surface for the cooling air. LV and MV porcelain bushings are mounted on the cover, fixed on to the assembled active parts, and connected to the windings with a low-resistance connection. TNA and TLI transformers are shown in Fig. 1and in Fig.2 
FUNCTIONAL UNIT AND ASSUMPTIONS FOR ENVIRONMENTAL EVALUATIONS
The comparison of the life-cycle environmental impacts was carried out considering the following functional unit: the transformation of a 15 kV three-phase voltage in a 400 V voltage supplying a maximum power of 250 kVA. The two transformers ensure the same functional unit and they are removed from service after 30 years because their reliability is not guaranteed owing to wear or obsolescence. A breakdown for fire and the "cannibalism" of some parts to repair other devices were excluded.
SYSTEM BOUNDARIES
A "from cradle to grave" approach was used considering the main phases of production, transportation, use and end-oflife management of the two transformers. The comparison was developed on the basis consumption of the raw and ancillary materials, of energy and fuels, the polluting emissions to air, water and soil and the waste production. A life-cycle scheme of the functional unit is shown in Fig.3 . the transformer out service and its transport to a waste collector for its dismantling the recycling of metals with 95% mass efficiency, in a closed loop, and the mineral oil recycling by a hydrofinish process, the incineration of paper and pressboard recovering the energy with 21% efficiency and the land-filling of porcelain and metal scraps.
DATA QUALITY
The data used for considered in the environmental inventory are related to the current Italian scenario and to the best present technology. Data about fuel consumption for transportation and the energy necessary for the material recycling were collected from manufacturers, builders and waste industry. Model implemented in the commercial LCA software TEAM of PW&C, were used for production of raw materials, emissions to air, soil and water of the transportation, recycling and incineration processes, and to calculate the environmental impacts. No cut-off criteria in terms of either mass or energy were applied to LCA data.
IMPACT ASSESSMENT
The main problems connected with electrical components life are related to the atmospheric pollution and to the resource depletion, due to the electricity production and The analysis of the environmental profiles of each transformer allows to make the following considerations:
For both TNA and TLI transformer, the load and noload losses in use phase are the main cause of the lifecycle environmental burden, as their compensation needs the production the same quantity of electricity. This produces emissions and waste, typical of the Italian energetic mix, with a contribute ∼99% to the all lifecycle impacts for TLI, and ∼95% for TNA. Only the depletion of non renewable resources and the waste hazardous production are respectively ∼80% and ∼50% of the lifecycle. All the impacts of the transportation and installation phase represent less of 0.5% and less of 0.05% of TNA and TLI ecoprofiles respectively. The difference is due to their different weight. The emissions are the combustion products of diesel oil, such as benzene, NOx and hydrocarbons. The impacts due to production phase of TLI transformer are less than 1% of the life-cycle impacts, except a 43% contribute to the depletion of the non renewable resources. The oil production is responsible of the most WH, the steel of the total waste and POF. The copper contributes to a 99% of DEP, AA and OLD and to a 70% of TPE and GE. Moreover the production of copper and brass involves the 90% of Human Toxicity. The impacts due to production phase of TNA transformer range from less than 1% of the life-cycle impacts for WH, Electricity, HTX and OLD, to ∼3% of WT, AA EU, GE, with a 73% contribute to DEP and a 5% contribute to POF. Excluding the electricity consumption used to the amorphous core production, the oil and the silicon production is responsible of the most hazardous waste, the steel of the total waste. The 99% of the HTX and OLD impacts are due to silicon, used for core. while copper contributes to a 96% of DEP and to the 60 ÷ 70% of AA, OLD and GE. Moreover the iron production gives a contribute of ∼60% to WT and EU and 80% of the POF is due to the manufacture of the Nylon ribbon, wrapped around the core.
At the end-of-life management, a compensation of the raw material acquisition about 26% for TLI and 45% for TNA is due to the closed loop metal recycling and oil rirefining. The energy consumption of these operations limit this benefit, producing ∼50% of the lifecycle waste hazardous. The result of the comparison of each phase impacts expressed in percent unit of the life-cycle values for TLI transformer is shown in Fig. 4, while Fig. 5 contains the percent incidence of the production of all materials of TNA transformer on every impact category. The TNA transformer shows the best environmental performances being its curve internal to the TLI one for all impact categories, except the hazardous waste production that is 3% greater than the TLI one. This difference is due to a larger quantity of the metals present in TNA transformer and to the energy consumption in their recycling. The other impacts of the a high permeability grain-oriented steel core transformer are ∼20% greater than the wound amorphous metal core transformer, while DEP is a 3% greater then TNA one.
Owing to a lighter weight, all the impacts of TLI are 78% of TNA impacts in Transportation phase, and ranging from 20% of AA to 60% of DEP of the TNA impacts in Production phase. The end-of life management of the TNA allows a higher metal recycling , with a greater saving of emissions due to AA, EU, GE, OLD and POF. In use phase the benefit of smaller energy losses of TNA produce a 20% reduction of all the emission in air, water and soil, typical of the Italian energetic mix, where only 19.4% of electricity production comes from hydroelectric, wind and waste generation plants.
As the Fig. 6 must be read with a "less is better" logic, the transformer with a wound amorphous metal core turns out the environmental-friendly solution. A sensitivity analysis based on different daily rates of the power use confirms the TNA to be the best environmental solution.
CONCLUSIONS
A comparative LCA, with a "from cradle to grave" approach, was performed on two three-phase 250 kVA transformers for MV/LV distribution substations, with the different cores: a wound amorphous metal core, a high permeability grain-oriented steel core. In spite of its impacts in the manufacturing and transportation phases, greater then the impacts of the high permeability grain-oriented steel core transformer, the wound amorphous metal core transformer turns out the environmental-friendly solution in the lifecycle. This is due to the benefit of its smaller energy losses producing a 20% reduction of the impacts.
